This paper presents numerical analysis of an airfoil geometry inspired by the down coat of the night owl. The objective is to understand the mechanisms of airfoil trailing edge noise reduction that has been observed with such designs in previous experiments. The NACA 0012 airfoil is selected as the baseline airfoil. The bioinspired geometry consists of an array of "finlets" that are applied near the trailing edge of the baseline airfoil and are aligned with the flow direction. Wall-resolved large eddy simulations (LES) are performed over the baseline and the bioinspired airfoil geometries and the aerodynamic and aeroacoustic performance of the two geometries are contrasted. Both models are simulated at chordbased Reynolds number Rec = 5 × 105 , flow Mach number, M∞ = 0.2, and angle of attack, α = 0• . The simulations are tripped in order to compare with experiments that are at much higher Rec (of the order of 2 M). Tripping is achieved using a geometryresolved trip wire, placed at x/c = 0.05 from the airfoil leading edge. Comparisons with experimental data show good agreement for aerodynamic pressure coefficient (Cp) distribution for the baseline airfoil. Skin friction coefficient (Cf ) and Cp distributions are also found to compare well with XFOIL results obtained by similarly tripping the boundary layer. Surface pressure spectra comparisons between the baseline and the bioinspired airfoil near the airfoil trailing edge show reductions with the finlets of the order of 3 dB at high frequencies. Two hypotheses of noise reduction mechanisms are investigated: (1) reduction in spanwise correlation length, and (2) increase in source-'scattering edge' separation distance. The simulations show insignificant difference in spanwise coherence between the two geometries, but clearly show that the finlets lift turbulence eddies away from the airfoil trailing edge hence reducing scattering efficiency.
I. Introduction
The continued growth in wind energy and air travel is exacerbating the associated noise pollution problem.
Noise can have detrimental effects to human health, which are well documented. [1] [2] [3] [4] [5] Research in the area of noise reduction is therefore critical for the development of future aircraft and wind turbines. Biomimicry has resulted in many engineering innovations. 6 One biological feature that has yet to be used in engineering innovations is the silent flight of nocturnal owls. The nocturnal owl can not be heard until it is within 3 meters. 7 One species of nocturnal owls -the barn owl (Tyto alba) -is particularly adept at silent flight. In this paper, we refer to the barn owl as 'the owl'.
The owl has three unique feather features that are believed to contribute to its nearly silent flight. These are: (1) leading edge comb (or serrations), (2) trailing edge fringe, and (3) down coat on flight feathers. Figure 1 highlights these unique feather features using images of barn owl wing specimens. Previous studies (see e.g., [8] [9] [10] [11] [12] [13] [14] [15] ) have investigated blade designs inspired by the owl leading edge comb and trailing edge fringe.
The studies have used numerical, analytical, and experimental methods, even including demonstrations on full-scale, field tests. 16 The down coat has also been investigated analytically 17, 18 and experimentally.
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However, little to no numerical research investigating the acoustic impact of the owl down coat has been performed. This paper aims to fill this technical void through detailed flow and sound source diagnostics performed using highly-resolved large-eddy simulations.
It should be noted that the chord-based Reynolds number for the owl in gliding flight is between 50,000 -90,000. Figure 2 illustrates the range of Reynolds number over which various flying machines and animals, including the owl, operate. The goal of this paper however, is to investigate blade designs that can reproduce the silencing feature of the owl at a much higher Reynolds number (of the order of a few million), which is relevant to wind energy and aerospace engineering applications. We therefore aim for bioinspiration and not biomimicry.
The particular bioinspired blade designs that form the focus of this paper were first discussed by Clark et al. 19 They suggested that the down coat (made of hairs that rise up vertically and plateau in the flow direction) forms a "canopy" and makes the flow behave similar to forest canopy flows. They attempted to Figure 1 . The owl hush kit: unique feather adaptations that enable the owl to fly silently. Top: barn owl wing specimen. Bottom: Photographs through a microscope of (a) leading edge comb, (b) down coat on flight feathers, and (c) trailing edge fringe. Images (b) and (c) are from Refs.
7, 19
Figure 2. Chord based Reynolds number of various species compared with different aircraft reproduce this canopy effect using "finlets" which were constructed in two different ways -(a) using an array of sharp edge fences, and (b) using tiny cylindrical rails. Clark et al. 19, 20 presented aeroacoustics measurements of trailing edge noise from airfoils with these finlets (fences and rails) installed using a substrate near the trailing edge of the baseline airfoil. The DU96-W-180 airfoil, commonly used in wind turbine applications, was selected as the baseline. Figure 3 shows schematics of the two finlet designs used in the experiments. Plots (a) and (b) in the figure are the fence and rail configurations, respectively. Farfield sound was measured using acoustic beamforming 22 and the finlet designs were found to be significantly quieter than the baseline airfoil. 20 The tests were conducted at very low Mach numbers with minimal inflow turbulence and at angles of attack where the airfoil boundary layer does not separate. The primary mechanism of noise generation under these conditions is scattering of the hydrodynamic energy in the boundary layer turbulence by the airfoil trailing edge. objective here is to make qualitative comparisons between the simulations and experiments to gain confidence in the simulations, and then perform source diagnostics using the highly-resolved flowfield to enhance our understanding of the noise reduction mechanisms with the finlet design.
II. Numerical Methodology
The compressible Navier-Stokes solver, FDL3DI, 23 is used for the fluid flow simulations. The governing fluid flow equations (solved by FDL3DI), after performing a time-invariant curvilinear coordinate transform (x, y, z, t) → (ξ, η, ζ, τ ), are written in a strong conservation form as
where J = ∂(ξ, η, ζ, τ )/∂(x, y, z, t) is the Jacobian of the coordinate transformation, Q = {ρ, ρu, ρv, ρw, ρE};
the inviscid flux terms,F I ,Ĝ I ,Ĥ I arê
where,Û =ξ t +ξ x u +ξ y v +ξ z w,
W =ζ t +ζ x u +ζ y v +ζ z w, and
In the above,ξ (x,y,z) = J −1 ∂ξ/∂(x, y, z), and u, v, w are the components of the velocity vector in Cartesian coordinates, and ρ, p, T are respectively the fluid density, pressure, and temperature. The gas is assumed to be perfect, p = ρT /γM 2 ∞ . The viscous flux terms,F v ,Ĝ v ,Ĥ v are provided in Ref.
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We perform implicit large eddy simulations (ILES) simulations by filtering the solution at every subiteration using an eighth-order, low-pass spatial filter. The numerical schemes uses compact finite differences with a sixth-order spatial accuracy, and time integration is performed using an approximately factored, second order implicit Beam-Warming scheme.
III. Geometry Modeling, Meshing, and Boundary Conditions
The NACA-0012 airfoil is selected as the baseline airfoil. For the bioinspired airfoil, finlet fences are added near the trailing edge. The span length of the airfoil model in the simulations is 5.85% of the airfoil chord. A single-block, O-grid is used to generate a 2-D mesh around the baseline airfoil, which is repeated in the span direction to obtain the 3-D grid. The O-grid in the physical space (x, y, z) maps to an H-grid in the computational domain (ξ, η, ζ). The following orientation is used:ê ξ points radially out,ê η is in the circumferential direction.ê ζ is along the span direction such that the right hand rule,ê ζ =ê ξ ×ê η is obeyed.
Periodicity is imposed in the span direction (ê ζ ). Periodic boundary conditions are implemented using the Overset grid approach in FDL3DI. A minimum of five-point overlap is required by FDL3DI to ensure high-order accurate interpolation between individual meshes. The airfoil surface is modeled as a no-slip, adiabatic wall. Freestream conditions are prescribed at the outer boundary and the grid is coarsened away from the airfoil surface in order for the filtering procedure to dissipate all perturbations from the flow before they reach the outer boundary.
A. Baseline Airfoil Mesh
The baseline is the NACA-0012 airfoil with a rounded trailing edge. The simulations are carried out at chord-based Reynolds number, Re c = 500, 000, angle of attack, α = 0°, and flow Mach number,
The choice of the first cell height with these flow conditions gives an average y + ≈ 0.279 for the baseline geometry. Figure 4 shows close-up, cross-sectional views of the baseline O-grid. Table 1 provides the metrics of the grid used for the baseline simulation. Figure 5 contrasts the geometry of the fences between experiments and simulations. The major difference between the way the geometry is modeled in the simulations is the leading edge of the fence, which is nearly parallel to the flow in the experiments but almost orthogonal to the flow in the simulation. The reason for having this orthogonal edge in the simulations is that the mesh for the fence geometry is obtained directly from the baseline mesh by blanking out a subset of cells defined by specifying ranges of the coordinates ξ, η, ζ.
B. Finlet Fence Geometry and Mesh
No-slip wall boundary condition is applied on the fence boundaries obtained from grid-point blanking. This difference in the fence geometry between the experiments and the simulation has important aeroacoustic consequences. The orthogonal sharp leading edge of the fences in the simulations is a very efficient scatterer of the hydrodynamic energy in the incoming turbulence in the surface boundary layer. The trace velocity of the hydrodynamic perturbations along the orthogonal (to the flow) fence edge is infinite, which makes the scattering process very efficient. In the experiments, the leading edge of the fences is nearly tangential to the flow, making the trace velocity of the hydrodynamic perturbations along the edge highly subsonic, thereby rendering it inefficient in scattering. This extraneous source of noise in the simulations can potentially offset the benefit of reduced trailing edge noise with fences. Another potential problem with the orthogonal leading edge is that it can act as a turbulence (and hence noise) generator. The dimensions of the finlet fence are similar to configuration # 13 in the experiments of Ref.
20 Figure 6 show cross-sectional views of the finlet fence mesh. 
IV. Results
This section presents the results of the numerical simulations followed by a discussion about noise reduction mechanisms with the finlet design.
A. Boundary Layer Trip
Since the simulation Re c (= 5 × 10 5 ) is much smaller than that of the experiments (≈ 2 × 10 6 ), the boundary layers on the airfoil surfaces are tripped in the simulations. It should be noted that the boundary layer was also tripped in the experiments using a serrated tape. In the simulations, boundary layer tripping is achieved by placing a geometry-resolved "trip wire" at x/c = 0.05, measured from the leading edge of the airfoil. The trip wire is a square cylinder that extends throughout the span and is defined by blanking out cells in the regions occupied by the wire (see Fig. 8 ). The dimensions of the wire are defined by specifying ranges of the grid indices in the ξ, η, & ζ directions; no-slip wall boundary condition is applied to the boundaries of the trip wire. Figure 9 shows iso-surfaces of Q-criterion (Q = 50) on the suction surface of the baseline 
C. Aerodynamic Performance Results
Once the transients are removed from the 3-D simulations, the simulation data is averaged in time for approximately 2 × τ to obtain aerodynamic performance predictions. Time-averaged flow data is further averaged in span to compare against experiments as well as against XFOIL results. XFOIL 25 is a panel method code that simultaneously solves potential flow equations with boundary integral equations. Natural boundary layer transition in XFOIL is determined using the e N linear stability method. For alternate transition mechanisms, boundary layer trips are set up in XFOIL. XFOIL does remarkably well in predicting the C p distribution. Unfortunately, Gregory et al. 26 does not report measurements of skin friction coefficient, C f . Given the lack of measured data, FDL3DI predictions are compared against XFOIL predictions in Fig. 10 (b) for C f distribution over the airfoil surface. Large differences are observed near the trip wire location (x/c = 0.05) as expected. In FDL3DI, the trip triggers an instability wave that induces transition over a finite distance, while in XFOIL the transition is instantaneous.
Baseline Results Compared with Measurements
Despite this difference, the two predictions agree reasonably well in the aft portion of the airfoil once the transition is complete and the boundary layer is fully turbulent in the FDL3DI simulation. 
Baseline v/s Fence Geometry
Time-averaged data from the 3-D simulation of the fence geometry is collected after the flow transients are removed. Figure 11 compares the time-and span-averaged C p and C f distributions over the airfoil surface between the baseline and fence geometries. Outside of the fence region, the C p and C f distributions are nearly identical between the baseline and fence simulations. The "kinks" in the C p and C f distributions near the fence leading edge in the simulations are due to the orthogonal leading edge, and are not expected in the experiments. Within the fence region, both C p and C f drop below the corresponding baseline values, indicating that the flow velocity and velocity shear near the surface are reduced due to the fences. These features are characteristic of forest canopy flows.
The results in Fig. 11 show that the addition of the fences does not adversely affect the aerodynamic performance of the airfoil. Integrated quantities such as sectional drag and lift remain nearly unchanged due to the finlet fence design. 
D. Surface Pressure Spectra
The primary noise generation mechanism in this low Mach number flow is the scattering into radiating sound of the hydrodynamic energy in the boundary layer turbulence by the airfoil trailing edge. Unsteady surface pressure near the trailing edge is therefore a measure of noise source strength. Numerical data is collected for approximately 4 × τ for the spectral analysis and other results presented in this section and the following sections. Surface pressure spectra are computed at the trailing edge (x/c = 1). The spectra are averaged over the span; the points that lie within the fences are removed in the averaging procedures for the fence simulation. Figure 12 (a) compares the two numerically-predicted spectra. A measurable reduction at high frequencies and a small increase at low frequencies are observed in the surface pressure spectra with the fence geometry. These observations in the simulations are compared with the farfield sound pressure spectra measured using acoustic beamforming. 22 Qualitative comparisons between measured farfield sound and predicted surface pressure spectra are made in Fig. 12 . The figures show that the predictions agree qualitatively with the reductions observed in the measurements.
To understand how the integrated high-frequency sound is varying along the chord through the fences, Figure 12 . Qualitative comparison between FDL3DI predicted surface pressure spectra and measured farfield acoustic spectra from Ref.
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band sound pressure level (L pb ) defined as
is computed. In Eq. 4, f min and f max correspond to the indices of the minimum and maximum frequency of the band level over which the spectra is integrated; we integrate over the frequency range 2.5 kHz ≤ f ≤ 5
kHz. The results of the integrated band pressure level are plotted in Fig. 13 . The fence geometry has slightly lower L pb from the trailing edge up to x/c ≈ 0.9. Near the leading edge of the fences however, the band pressure level in the fence geometry is higher. The largest predicted reduction in L pb is observed to be about 3.0 dB at the airfoil trailing edge. 
E. Noise Reduction Mechanisms
Two hypotheses are put forth to explain the experimentally observed farfield noise reduction: (1) fences reduce the spanwise correlation length, and (2) fences lift the turbulence eddies away from the scattering (airfoil trailing) edge. These hypotheses are investigated using the simulation results here.
Surface unsteady pressure reduction observed in the simulations (and experiments) is expected to lead to farfield noise reduction based on Amiet's theory. 27 Per Amiet, 27 trailing edge noise radiated by an airfoil is directly proportional to the spanwise correlation length. Spanwise coherence in the simulations is therefore investigated. The spatial coherence between two points x and y is defined as
where S xx (ω) is S pp (ω) evaluated at point x and S yy (w) is S pp (ω) evaluated at point y, where x and y are points at a given chordwise location but separated in the spanwise direction. The spanwise coherence for the baseline and fence simulations are computed using Eq. 5 along the airfoil trailing edge and plotted in Fig. 14 .
A visual inspection of the contour plots does not reveal any significant differences in coherence between the baseline and fence geometries. 
V. Conclusions
This paper presents numerical investigations of airfoil geometries inspired by the soft down coat of the owl. Large eddy simulations are performed for the baseline (NACA 0012) airfoil and an owl-inspired airfoil (with fences). The solver uses sixth-order spatial differencing, second order implicit time integration, and spatial filtering to remove unresolved wavenumbers. The following conclusions are drawn from the study:
1. Comparisons of time-and span-averaged C p and C f distributions show that the fences inspired by the owl down coat do not significantly alter the aerodynamic performance of the baseline airfoil. (a) Comparison of spanwise coherence contour plots between the baseline and fence geometries at the airfoil trailing edge shows no significant differences, which suggests that spanwise correlation is not reduced due to the fences and hence is not responsible for the observed farfield noise reduction.
(b) Normalized turbulence kinetic energy (TKE) contour plots and span-averaged profiles clearly show a redistribution of TKE away from the airfoil trailing edge.
The simulation results show that the primary reason for the observed noise reduction with fences in the experiments is likely due to the increased source-scattering edge separation distance, which makes the scattering process inefficient. In the future, more noise source diagnostics will be carried out and far field noise propagation will be performed using integral methods such as the Ffowcs Williams-Hawkings acoustic analogy.
